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 olefination reaction (COR) is a convenient tool for the 
 of alkenes, based on the transformation of carbonyl 
d hydrazones upon treatment with polyhaloalkanes in 

ence of a base (usually ammonia or ethylenediamine) 
lytic amounts of copper salts. The reaction has a broad 
ffording alkenes with various combinations of the 
nts at the double bond.1 The reaction can be performed 
e-synthesized hydrazones2 or hydrazones prepared in 
sing fluorinated polyhaloalkanes opens a way to 
ed alkenes1 being valuable building-blocks for the 
 of various fluorinated compounds by reactions with 
iles and heterocyclizations.4,5 Since COR requires the 
 of copper catalyst to proceed efficiently, searching for 
icient copper-derived catalysts is an important task.
 is currently a stable interest to hybrid catalysts with an 

etal-containing component immobilized in a mesoporous 
ic matrix. The activity of such systems is often governed 
liar active component–matrix interaction effects.6–11 
odified oligomeric and polymeric siloxanes occupy a 
place among these composites. Numerous molecular 
 metallosiloxanes of variable nuclearity and their 

 properties are documented.12–14

gels based on branched organosilicon polymers are 
romising type of supports for catalytically active metal 

icles. They enable catalytic reactions to proceed 
onditions intermediate between homogeneous and 
neous modes. The use of such hybrid materials in 

particular can be a promising route to design catalysts with 
improved performance characteristics towards olefination 
reactions.

Copper-based nanostructured species prepared by metal-
vapor synthesis (MVS)15–19 in the form of organosols or 
supported on metal oxides were effective in dimerization of 
haloarenes (the Ullmann reaction15), phenol oxidation20 and 
partial oxidation of cyclohexane.21 Heterogeneous catalysts 
prepared by MVS containing Cu, Ag, and Au nanoparticles 
demonstrated activity in the catalytic olefination as well.22 
Branched organosilicon polymers are thermally stable,23–25 
resistant to oxidation and are promising for the creation of hybrid 
materials containing metal nanoparticles with catalytic, magnetic 
and other functional properties.26,27

In this paper, we present the synthesis of a new hybrid material 
of Cu-containing organosilicon nanogel and a study of its COR 
activity. Polymethylsilsesquioxane (PMSSO) nanogel with a 
core–shell structure in which functional vinyl groups form the 
shell of the macromolecule was used as the organosilicon 
polymer.28 The catalytically active nanocomposite Cu-poly
methylsilsesquioxane (Cu/PMSSO-VDMS) 1 was prepared by a 
modification of polymer support based on PMSSO capped with 
TMDVDS (PMSSO-VDMS) with copper nanoparticles 
produced via the metal-vapor synthesis (Scheme 1, for details 
see Online Supplementary Materials).

The use of an organosilicon nanogel as a matrix stabilizing 
metal nanoparticles makes it possible to obtain a nanocomposite 
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per-containing organosilicon hybrid materials were 
zed by the reaction of branched polymethyl
ioxane with copper nanoparticles prepared by the 
por synthesis. Hybrid materials showed a high 
in the catalytic olefination of p-chlorobenzaldehyde 
ne with polyhaloalkanes such as CBrCl3, CBr4 and 
3 to afford the corresponding halostyrenes in the 
bove 80%. The structure and composition of the 
d nanocomposites were studied by X-ray using 
tron radiation to show that the active sites of 
talysts are mixed copper(i)–copper(ii) oxides  
2O–CuO) in nature.
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1 which is close in its structure to microheterogeneous metal 
complex catalysts. In these systems, the size and electronic state 
of metal are largely determined by the reaction conditions and 
the nature of the interaction of nanoparticles with functional 
groups of polymers. By changing the nature of the functional 
groups in the nanogel it is possible to influence the structure of 
the resulting metallopolymers. The search for new effective 
catalysts for olefination reactions is of importance due to the 
possibility of using this process for a wide variation of the nature 
of the substituent at the double bond, and X-ray absorption 
spectroscopy is indeed the technique of choice to probe the 
balance of charge states in the bulk of the porous catalyst.29,30 

The activity of the resulting material, Cu-containing 
polymethylsilsesquioxane nanogel (Cu/PMSSO-VDMS), was 
investigated in COR involving p-chlorobenzaldehyde hydrazone 
and three polyhaloalkanes CBrCl3, CBr4, and CF3CBr3 using the 
standard procedure (Scheme 2, for more details, see Online 
Supplementary Materials). In this way, various halostyrenes 
were obrained.

It was found that Cu-containing nanogel presents a promising 
alternative (or additional option) to the traditional copper 
catalysts used in COR. Thus, the reaction of p-chlorobenz
aldehyde hydrazone with CBrCl3, CBr4 and CF3CBr3 led to the 
corresponding substituted alkenes in 86, 82 and 83% yields, 

respectively. It should be noted that these values are about 
5–10% higher than those in case of traditional catalysts for COR. 
This fact can be explained by more optimal rate of the reaction. 
In the case of traditional homogeneous copper catalysts, the 
reaction proceeded within few minutes which led to a quite fast 
heat evolution and local overheating. In contrast, for full 
transformation of p-chlorobenzaldehyde hydrazone several 
hours were needed in case of Cu-containing nanogel. Obviously, 
local overheating is not possible under such circumstances, 
which provides higher yields of halostyrenes. 

The Cu nanoparticles can initiate similar processes. The 
catalytic activity of Cu nanoparticles with an average size of 
about 3.6 nm prepared by MVS in the reaction of phenol 
oxidation in methanol was studied previously.15 In the products 
of the reaction carried out at 298 K and 1 atm O2, 4,5-dimethoxy-
1,2-benzoquinone and other oxygen-containing compounds 
were observed. The authors attribute the catalytic effect to the 
formation of an active layer with chemisorbed oxygen on the 
surface of Cu nanoparticles, which facilitates the oxidation of 
organic compounds. 

The obtained results made it possible to evaluate the activity 
of Cu-containing nanogels in the catalytic reaction. The 
efficiency of catalysts in COR turned out to be comparable or 
higher than that of heterogeneous systems obtained earlier by the 
MVS method as in the case of Cu/SiO2.22 Thus, when using 
CBrCl3, the yield of the main product for described here  
Cu/PMSSO-VDMS 1 and earlier reported Cu/SiO2 are 86 and 
81%, respectively.

To shed light onto the chemical nature of active sites in the 
Cu-containing nanocomposite 1, XPS and Cu K-edge XANES/
EXAFS instrumental techniques were applied. In the survey 
photoelectron spectrum of the Cu/PMSSO composite 1, peaks 
characteristic of Cu, Si, O, and C atoms are recorded. A 
quantitative analysis shows the composition to be 
Cu6.8Si22.5C35.8O35.0. The C 1s photoelectron spectrum of the  
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Scheme  2  Reagents and conditions: i, Cu/PMSSO-VDMS (10 mol%), 
NH3 (aq.), DMSO, room temperature, 12 h.
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Cu/PMSSO system 1 is described by three components. Most of 
the carbon atoms correspond to the C–Si bonds (~95%) at 
284.5 eV, the fraction of carbon atoms bound to oxygen is about 
5% and can be attributed to the C–OH and/or C–O–C components 
at 286.0 eV and C=O at 287.4 eV. The C 1s spectrum lacks 
signals at 284.1 eV, which is characteristic of the vinyl bond,31 
and the satellite in the region of 291.5 eV, which corresponds to 
olefins. This may be due to the opening of the olefin bond and its 
possible partial polymerization or with the formation of oxygen-
containing fragments.

The O 1s spectrum (Figure 1) was fitted with three peaks at 
530.3, 532.3 and 533.6 eV with Gaussian widths of 1.25, 1.3 and 
1.3 eV which correspond to the Cu–O, Si–O and C–O bonds 
with relative intensities of 0.17, 0.77 and 0.06, respectively.

The Si 2p spectrum of 1 (see Figure 1) is approximated with 
three peaks at 101.3, 102.5 and 103.4 eV with the same peak 
widths of 1.25 eV. The binding energies correspond to Si2+, Si3+ 
and Si4+ states. Such a structure of the spectrum is due to the 
variety of possible chemical bonds, such as –Si–O–, –Si–OO–, 
–Si–O–Si–O– and others, in which a noticeable effect of oxygen-
containing polymer fragments on the electron density at Si atoms 
and the corresponding chemical shifts is manifested.

Figure 2 shows the Cu 2p photoelectron spectrum of the 
copper-containing nanogel. Binding energies of 932.0 and 
951.8 eV related to Cu 2p3/2 and Cu 2p1/2 peaks correspond to the 
Cu+ state.32 This result is consistent with fitting the O 1s spectrum 
that shows a peak at 530.3 eV assigned to the Cu–O bond. 
Kinetic energy of L3M45M45 Auger peak (916.8 eV), its line 
shape and Auger parameter (1848.8 eV) are characteristic of Cu+ 
state as well.33 According to the NIST XPS database,33 binding 
energies of Cu 2p3/2 peak and Auger parameters 
Cu 2p3/2 + L3M45M45 of Cu, Cu2O and CuO are in the ranges 
of 932.62, 932.0–932.8, 933.2–934.6 eV and 1851.3,  
1848.6–1849.6, 1850.7–1852.0, respectively. It should be noted 
that 932.62 and 1851.3 eV are recommended values.34

A comparative analysis of the structural formula of the 
nanogel with the XPS quantification data for a copper-containing 
composite showed that the measured O/Si ratio exceeds the 
theoretical one by a factor of ~1.5, while the corresponding C/Si 
ratio differs insignificantly. Apparently, this may indicate a 
considerable amount of formed –Si–O–O–Si bonds in the 
nanocomposite.

Also, for the Cu-containing catalyst 1, X-ray absorption 
spectra (XANES/EXAFS) were recorded at the K-edge of 
copper (Figure 3).

The chemical state of copper atoms in the composite does not 
exactly coincide with any of the measured reference samples. 
Apparently, this means that the composite contains a set of 
nonequivalent states. Using the method of linear combination of 
reference spectra, the experimental spectrum of the composite was 
approximated by the combination of 24% Cu + 45% Cu2O + 
+ 31% CuO. The results of the analysis of the EXAFS spectra are 
shown in Figure 4 and in Table S1 (see Online Supplementary 
Materials). In the local environment of copper atoms, two maxima 
corresponding to the contributions of Cu–O and Cu–Cu dominate, 
which is in agreement with preliminary conclusions from the 
XANES data. The best agreement between the theoretical and 
experimental curves is achieved when two Cu–Cu distances of 
2.51 and 2.71 Å are included in the structural model. The 
quantitative discrepancy in the assessment of the content of various 
states of copper in the XPS and XANES/EXAFS nanocomposite 
is due to the difference in their information depth when the first is 
surface-sensitive while the second is bulk-sensitive.
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Figure  1  Photoelectron O 1s and Si 2p spectra of the Cu/PMSSO 
composite 1.
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In conclusion, a technique for obtaining new hybrid materials 
based on organosilicon nanogels modified with copper 
nanoparticles has been developed. Copper-containing nanogels 
exhibited high activity in the reaction of catalytic olefination, 
which shows that this synthetic approach is promising for 
producing new functional materials. The essential difference 
between these nanogels and the previously described systems is 
that the proposed synthetic method allows one to effectively 
stabilize copper nanoparticles already formed under MVS 
conditions in an organosilicon matrix without loss of catalytic 
activity. This opens the possibility, by varying the nature of the 
functional groups of the nanogel which interact with the metal 
surface, to control the electronic state of the metal, and, hence, 
the catalytic properties of the system as a whole.

This work was supported by the Russian Science Foundation 
(grant no. 21-13-00437). XPS studies were performed with the 
financial support of the Ministry of Science and Higher Education 
of the Russian Federation (contract no. 075-00697-22-00) 
employing the equipment of Center for molecular composition 
studies of INEOS RAS.
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Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2022.07.016.
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